• By 2050 up to 21 bnGBP per year of new financial value is available in the UK energy system.
Introduction
Electricity systems in developed economies are undergoing fundamental transitions driven by international decarbonisation targets, technological innovation, and new market entrants [1, 2] . These transitions create deep uncertainty for investors and power utilities [3, 4] . These uncertainties are due, in part, to the multiple pathways energy systems can take to achieve environmental, social and economic goals [5, 6] . The existence of multiple pathways increases risk perceptions of premature and even intentional asset stranding for power sector investments [7] . These challenges result in a lack of investor confidence [8] , affect the market's ability to provide sufficient price signals to investors [9, 10] , and may increase the cost of capital for low-carbon energy transitions [11] .
Existing energy system models address this uncertainty to some degree, by using climate change commitments, technology prices, and demand forecasts to set parameters for quantitative energy transition scenarios. These models often analyse scenario costs within constraints; i.e. no nuclear, high CCS, high decentralised renewables [12] . The majority of these models focus on cost optimisation or near-optimisation [13] and report in terms of 'total investment cost' [14] .
useful for policy makers seeking to achieve multiple energy system objectives within a credible cost framework [16] . However, energy modelling and scenario development has, to date, done less to address commercial imperatives and investment uncertainties created by multiple pathways.
Firm strategy and investment in energy transitions
Addressing the commercial uncertainties created by energy transitions is important because, in many developed nations, power sectors have been liberalised; they comprise private firms making decisions about how to compete in energy markets for wholesale generation and retail supply [17] . Contributors to this journal concerned with strategic investment decision-making in the power sector, have demonstrated how utility investment decisions affect wider energy markets [18] , how critical investor perceptions of return are to expanding low-carbon generation [19] , and the importance of adopting real options or other approaches to account for uncertainty in utility scale investment decisions [20, 21] . Much subsequent research however, is aimed at understanding the performance of specific technologies or investments across a range of scenarios or experimental conditions [22] [23] [24] . Recently this work has been expanded to take account of longer term firm decision making over multi-technology portfolios, which better represents a traditional utility business model [25] . This is an important step as there is mounting evidence of multiple threats to utility firms which require long term business model transition and adaptation to address [26, 27] . To date there has been a disconnect between the growing sophistication of the energy scenarios produced by cost-optimisation modelling, and the strategic investment decision-making literature.
To bridge this gap it is important to clarify how firm strategy is constructed, before asking how scenario modelling can inform strategic decision-making. Firm strategy is driven by a firm's perception of the markets it can earn a commercially viable profit in [28] . Grant [28] argues that this depends upon the 'attractiveness of the industry' in which the firm is located and its ability to establish 'competitive advantage' over rivals. The 'attractiveness of industries' is related to the level of competition within a sector and the industries' profit structure [29] . 'Competitive advantage' relates to both the cost advantages firms can realise through process innovation, scale economies, or resource efficiencies; and differentiation advantages such as brand trust or product performance [28] . Given a suitably 'attractive' industry, and a reasonable expectation of competitive advantage, a utility may choose to enter a new market or pursue new values by adapting its business model [26] .
Understanding the firm in energy transitions
Most cost optimisation models do not address firm strategy or behaviour, because of two important assumptions; these are firm rationality and perfect competition [13, 30] . Under these assumptions the resources of firms are mobile and their foresight is perfect. If one set of firms (such as incumbent utilities) fail, other firms will acquire the resources needed to exploit profit opportunities in the energy sector. The relative size of the various markets created or destroyed by various system pathways would not matter under neo-classical assumptions of firm behaviour, because all profit pools would be competed away under perfect competition. Following this, the behaviour of firms in energy scenario work has often been unproblematically assumed. However, insights from both evolutionary and institutional economics contest this assumption of actor foresight perfect competition between sectors [30, 31] .
Proponents of Resource Advantage theory argue that firms acquire substantial financial, physical, human, organisational, informational and relational resources which lead to competitive advantages (or disadvantages) over prospective rivals, particularly new entrants [28] .
This resource based, firm theory in its evolutionary form [32] , explains both why firms in large complex systems can secure incumbent advantage by trading on routines and replicated capabilities [33] , and how these routines become a barrier to system change by creating path dependency and lock in [34, 35] . The multi-level perspective or 'MLP' has demonstrated how path dependency and lock in can be overcome by fostering niche innovation [36] . The same school recognises that "although large incumbent firms will probably not be the initial leaders of sustainability transitions, their involvement might accelerate the breakthrough of environmental innovations if they support these innovations with their complementary assets and resources" [37] .
To summarise, utility investment decisions and return expectations are key determinants of market composition. Firms make decisions on which markets to enter based on size of market, ease of access, profit structure and competition within different segments. However, not all firms are equally able to enter all markets. Therefore, incumbent utility firms are more likely able to exploit new value opportunities created by energy transitions. The relative size of the markets created or destroyed by different energy system scenarios matters, because energy firms undertaking future market analysis will likely select strategies that are compatible with their resource endowments, the potential size of the market opportunity that might develop, and its robustness across several possible futures. For the development of innovation policy, understanding future market size and ease of access can define the timing and strength of 'market pull' [38] for system innovations and in turn define appropriate innovation policy instruments such as fiscal, regulatory or statutory interventions [39] .
Mapping future values in energy transitions
It is from this starting point that we frame our research goal; to determine how energy firms, incumbent or otherwise, can understand potential profit structures and market sizes (industry attractiveness) over multiple future energy scenarios.
One technique used for industry attractiveness analysis is the profit pool approach [27, 40, 41] . The profit-pool-analysis is a strategy tool [29] which aims to map the total profits earned in an industry at discrete points along the industry's entire value chain [40] . Profit pool and value chain mapping facilitates insight into industry structure by visualising the economic and competitive forces driving the distribution of profits [29] .
Eurelectric [42] adopt the framework to point out the declining profit pools available in electric utilities' core business, while further analysing new growth areas to offset this decline such as large-scale renewable energy sources (RES) and the emergence of "new downstream value pools from the 'green agenda' and decentralised generation and energy efficiency" [42] . Commercial energy consultancies have used the profit pool approach to quantify the implications of energy transitions for utilities strategy [43] . For example McKinsey adopted this methodology to explore EU power sector profit pools to 2020, by sizing the profits from performance improvements, capacity remuneration, RES and new down-stream growth [43] .
Van Beek et al. [44] take an additional, critical methodological step by switching the terminology from 'profit' to 'value' pool. This work recognises that a profit pool analysis needs detailed understandings of the business models being used. Energy transitions create pools of value which can only be rendered into profit by business model innovation [45] . Van Beek et al. apply the value pool concept to quantify new financial opportunities available in energy transitions, prior to exploring the business models compatible with capturing those opportunities. However, while [42, 43] use the EBIT as a measure, Van Beek et al. [44] measure the financial opportunity in 'new revenues' and 'avoided cost', across six discrete pools. The three studies above all analyse a pan-European geography, demonstrating the international applicability of the method. To date however, the value pool approach has only been used to analyse single future scenarios in energy transitions; it has not yet been applied to investigate how each value pool is created, modified, or destroyed in multiple energy system scenarios. To address this, the authors conducted a value pool analysis on a discrete selection of well-developed UK energy scenarios.
Study objectives
The research question was: 'what is the magnitude of different value pools in the UK's energy transition under a range of system scenarios?' The purpose was twofold. First to demonstrate how a value pool approach can add to our understanding of the commercial opportunities in specific future energy scenarios. Second, using scenarios in this way would bridge the gap between scenario modelling and investment decisionmaking communities, by using a novel method to better evaluate market sizes across multiple, uncertain futures. The approach and outputs have application in both public and private sector strategic decision-making. For private sector decision making the value pool approach contributes to measuring industry attractiveness and can inform firm strategy and investment decision-making. For the public sector, the value pool approach can be used to show where there is likely to be substantial "market pull" [38] for energy innovations, i.e. in large pools, robust across several scenarios; and where more substantial innovation support maybe necessary due to weak market pull, i.e. in small value pools or those particularly vulnerable to future scenarios.
Methods

Selecting scenarios
The authors selected the UK to investigate as the UK has one of the most detailed and diverse range of energy system scenarios [12] . This method is replicable in any nation with a liberalised or liberalising energy market, and which has a diversity of energy scenarios to draw on which reference common criteria. Energy scenarios for the study were selected against four common criteria. First, the scenarios had to extend to at least the year 2040. Second, each scenario needed to be created by credible institution. Third, each scenario had to include: predictions of final demand, capacities of installed generation, peak demand, electric vehicle penetration, population, separation of commercial and residential demand, and clear assumptions on household numbers. Finally, each scenario (bar one) had to be 'climate compatible' i.e. compatible with the UKs 2050 target of reaching an 80% reduction in CO 2 -emissions compared to 1990 levels set by the Climate Change Act 2008 [46] . Scenarios were also required to have a broad range of governance and control 'logics' [47] to capture the political economies of different possible futures. National Grid's 'No Progression' scenario was selected as the non-climate compatible scenario because it has low levels of green ambition and low prosperity, leading society to prioritise affordability over environmental ambitions [48] (see Table 1 ).
Headline characteristics of the scenarios in all analysis years (2030, 2040, & 2050) are reported in the supplementary information accompanying this paper [49] . Table 2 shows the headline characteristics for scenarios in the year 2050.
Defining the value pools
The next step was to define the value pool narratives and data sources. The value pools for calculation were selected based on [44] . Further work may wish to identify other value pools beyond those used by [44] , which have been adopted with limited amendments 1 for this analysis.
To understand each value pool in the UK context, 16 elite semistructured interviews were undertaken. The interviews included: 3 × energy consultancies, 3 x utility companies, 2 × energy finance providers, 2 × consumer bodies, 1 × officer of the regulator, 2 × civil servants, 2 × technology companies, and 1 × sector membership organisation. These interviews explored how each of the value pools presented by [44] might be altered by UK market conditions. The interviews were also used to test authors' assumptions on individual value pools such as: discount rates, technology costs, replacement rates, operational expenditures and potential future efficiencies. The results from the semi-structured interviews were combined with an analysis of grey and academic literature to source key model assumptions.
Critically, there is no single 'business as usual' reference case in the value pool approach. All energy futures, including those with little climate ambition, comprise different generation fleets, demand profiles, electric vehicle penetrations, flexibility requirements etc. The approach aims to understand the 'new revenues' or 'cost savings' available in the system as it evolves through time. They represent the size of possible future energy opportunities, not cost increases or deviations from a single base year or counterfactual reference case. Model inputs and structure is summarised in Fig. 1 :
In the methodological supplementary information provided, further detail is given on model inputs and structure [49] . In the model information provided [50] data sources, assumptions, calculations, and numerical results are presented for each constituent value pool. The narrative for each value pool is set out below before model results are presented.
Results
This section is structured in three parts. The first section defines the future market size in each scenario, then explains and quantifies each value pool in turn for each scenario and time step. The second section presents the cumulative size of all value pools across scenarios. The third section reports on sensitivity analysis.
Value pools and market size
It is useful to compare the magnitude of new value pools in the UK's energy transition against the projected size of the whole electricity market in each scenario. To analyse the full market size for each scenario the method applied was to multiply the projected domestic/ commercial commodity price (p/kW h) against a decomposed annual final demand (TW h) for each scenario and decadal time step. This data is provided only as indicative context and does not include electrical standing charges for domestic or commercial customers. Efficiency" was renamed to "Plant Efficiency" and "Energy Demand Reduction" to "Energy Service Provision" since the services covered in this pool do not all trigger demand reductions, for example electric vehicle services. Further, "Carbon Capture and Use" was renamed to "Carbon Capture and Storage" since the use of the carbon is conceptualised by Accenture but no revenue streams are assumed. Additionally, an interviewee mentioned that the demand for carbon for industrial or agricultural purposes is limited in the UK, hence the more traditional concept of "Carbon Capture and Storage" was applied. Fig. 2 shows that new revenues and avoided costs combined are a maximum of 31% and a minimum of 14% of the future market size across the scenarios. The higher percentages are in the RTP Thousand Flower scenario, followed by National Grid Gone Green. The higher percentage values are in system scenarios most different from today in terms of both fleet composition, 'green ambition' and consumer behaviour. Electric vehicle uptake is the overwhelming driver of new revenues. The scenarios with the highest capacities of centralised electricity generation plant (such as nuclear power or large fossil fuel thermal plants) achieve the highest cost savings. National Grid's 'No Progression' scenario has the lowest cumulative value pools and is closest in composition to the system of today.
Value pool #1 plant and portfolio efficiency
The average conversion efficiencies of the UK thermal generation fleet are below the current optimum of 58% achievable by best available technologies in CCGT generation [51, 52] . UK thermal efficiencies of gas, nuclear, and coal in 2015 were 48%, 35.6%, and 39.1% respectively [52] . Existing value pool studies [44] include plant and portfolio efficiency as an important conventional value pool for utilities, one which is particularly susceptible to carbon pricing in the absence of nuclear. The portfolio efficiency improvements used in this study are shown in Table 3 . Estimates were based on thermal efficiency potentials obtained from [51] and interview responses on realistic replacement rates and efficiency gains from utility executives. For value pool #1 the variables affected by thermal efficiency improvements are the portfolio OPEX (in GBP/MW h), the thermal efficiency of the plants, and the emission factors of the plants. The model showed that electric utilities can potentially avoid costs between 172-880 mGBP in 2030, 306-990 mGBP in 2040, and 75-1809 mGBP in 2050 through "Plant Efficiency" (Fig. 3) .
The highest values arise in 'DECC 2050-Higher CCS' and 'RTPMarket Rules' scenarios with comparably large capacities of fossil thermal generation to 2050. From 2030 to 2040 a steady growth of the avoided cost is visible across the scenarios. The significant increase of the span in 2050 can be explained by a 25 GW addition of CCS capacity in the 'DECC-Higher CCS' scenario and a 10 GW reduction of gas power plants in the 'DECC-High Nuclear scenario between 2040 and 2050. Low minimum value represent decommissioning of centralised generation fleet, while high values denote the opposite.
Value pool #2 energy service provision
Energy efficiency increases and consequential energy demand reductions are a fundamental part of sustainable energy futures [53, 54] . The UK's final demand curve between 2011 and 2015 has been relatively flat, final electrical consumption was 302 TW h in 2015 [52] . A decreased demand for grid electricity is harmful to current utilities which operate on a units-sold business model [55] . Across the analysed energy scenarios there is substantial variation in demand predictions to 2050: final demand remains relatively constant in the 'Thousand Flowers' and 'No Progression' Scenarios (301 TW h and 309 TW h in 2050 respectively); demand increases substantially to 555 TW h in the DECC 'High Nuclear' scenario (Table 2) . Increases in demand are driven by the electrification of heat and transport in the scenarios, while efficiency gains and demand reductions are largely industrial, buildings based, or assume appliance efficiency gains. Servicing the electrification of transport, along with charging for energy retrofit services, are new revenue streams that utilities can access and could, to an extent, compensate for the revenue losses caused by demand reductions elsewhere. Heat electrification is not included as a new revenue stream as it is likely to cannibalise other utility revenues, evidenced by the predominance of dual fuel utility customers in the UK [56] . Heat value pool mapping however has the potential to inform further work.
New revenue streams in the value pool are: The aim of the value pool calculation is to estimate the maximum potential for the UK. An important assumption for this value pool is, that by 2050 all existing households install energy efficiency measures and have a HEMS. This level of ambition is matched by recent work on efficiency retrofit needs in the UK, from both industry [57] and academic analysis [58] . Further, all new-build households are assumed to install a HEMS, see [50] for assumed fees.
The number of electric vehicle charging units installed was determined by assuming a share of new electric vehicles to be supplied with a home charger each year. Due to the currently low penetration of electric vehicles, at first a significant amount of car owners would opt for acquiring a charging unit, later an EV replaces another EV therefore new charge point installations reduce -a share of 60% in 2030 reducing to 50% in 2050 is assumed. The summary equation for value pool #2 is:
Revenues from Energy Service Provision
Revenues from EE Installations HEMS Revenues Electric Vehicle Service Revenues
The results show that across climate compatible scenarios new energy service revenues are between 2.8-7.3 bnGBP in 2030, 5.0-7.3 bnGBP in 2040 and 5.1-9.4 bnGBP in 2050 through VP "Energy Service Provision" (Fig. 4) . 'DECC 2050-High Nuclear' and 'DECC 2050-Higher RE' scenarios provide the highest values. The 'No Progression' values are significantly lower than the other scenarios.
Electric vehicle services contribute 78-95% of new revenues in this value pool by 2050. National Grid's 'No Progression' scenario has low electric vehicle penetration and has the lowest new revenue potential, (Fig. 5) . HEMS and EE installation services contribute 5-17% and 1-5% respectively.
Value pool #3 local low-carbon generation
Decentralised generation, particularly microgeneration, across the EU and other OECD nations is problematic for both utilities and infrastructure operators because it undermines core revenues by reducing final demand [59] . While these revenue losses are difficult to avoid, there are related value opportunities in the services surrounding microgeneration technologies. Homeowners require system design, installation, and servicing. These all represent value propositions from which utilities, with their related expertise and customer relationships, may be well placed to capture [60] .
The services considered in this value pool are: distributed generation lease service (solar PV), solar PV installation, O & M and decommissioning service, and local power brokerage or platform services (see 3 ). Households are assumed to sign up for one or a maximum of two of the services offered as brokerage services and trading on a local power platforms are mutually exclusive. Subsidy payments of any type are not included in value pool 3 as they are assumed to accrue to the metered user (see Table 4 ).
The summary equations for value pool #3 are: 
=
Revenues from Local Power Plat form for all domestic Customers
Number of House holds x monthly Subscription Fee
The maximum size of the value pool is the sum of the revenues from the distributed lease service as well as from the platform services for domestic customers -Figs. 6-9. 4 The revenues from all solar PV services have a minimum value of zero, since the "DECC 2050-High Nuclear" and "DECC 2050-Higher CCS" scenarios incorporate no distributed solar capacity.
Electric utilities may generate new revenues up to 2.3 bnGBP in 2030 to 2.8 bnGBP in 2050 through distributed energy lease services (Fig. 6) . From the solar PV services revenues up to 0.39 bnGBP in 2030 and 0.28 bnGBP in 2050 are available (Fig. 7) . This decrease in the overall revenues is due to market saturation.
From platform services provided to households owning solar systems, new revenues are up to 650 mGBP in 2030 to 780 mGBP in 2050 (Fig. 8) .
The provision of power platform services can generate new revenues in of 0.2-1.8 bnGBP in 2030, 0.1-1.9 bnGBP in 2040 and 0.05-2 bnGBP in 2050 (Fig. 9) . The minimum values of the span are set by the "DECC 2050-High Nuclear" scenario with minimal local generation. The combined value pool for the two most substantial services (leasing and power brokerage) are between 42 mGBP and 4.6 bnGBP by 2050 depending on scenario.
Value pool #4 large scale low carbon generation
The cost of large-scale renewable energies decreased significantly over the past half-decade [61] posing a challenge to policy makers in matching subsidy requirements against changing levelised costs of electricity [62] . Continuous cost reductions are expected [63] and large scale low carbon generation sources are becoming competitive with new construction of conventional alternatives [64] . To make these investments competitive with the existing generation fleet active in the present market, they must be supported by either direct subsidy or their conventional competitors made more expensive, often through carbon pricing. In the UK the intention of the carbon price floor in electricity market reform is for a rising cost of carbon to £30/tonne by 2020 and £70/tonne by 2030 [62] . However since this carbon price mechanism is currently subject to a freeze [65] , the model uses the Committee on Climate Change's expected UK market prices to 2050 [66] . This value pool is defined as a cost saving which may be available to firms choosing to build large-scale low carbon generation instead of conventional gas power plants (excl. CCS). The large-scale, low-carbon generation value pool includes: onshore and offshore wind, hydro, biomass, nuclear and solar PV. This value pool represents the cost difference between constructing and running the large-scale, low-carbon generation and constructing and running the same net capacity and generating the same amount of electricity via gas CCGT power plants. Here a positive value denotes a real saving while a negative value denotes extra cost, i.e. value pools can identify negative cases for investment.
The most significant cost difference between most low-carbon generation and thermal power plants is between CAPEX and OPEX requirements. Subsidies will play a part in future value pools, however, the level of subsidy per technology is volatile, and different technologies are in or out of favour dependent on political commitments [67] . Thus, low carbon energy subsidy is not included in the value pool 4 The model further verifies if all households can be supplied by local decentralised sources (solar PV, onshore wind, biomass, CHP) by comparing annual domestic demand with annual distributed low-carbon generation. Should this not be the case, then the number of subscribers for the platform will be limited to the number of households that can be supplied with local power -based on the average household demand.
calculation. The cost of carbon, however, is included. The rationale for this is that RE subsidies fluctuate annually, but the UK's carbon price floor gives some certainty that a common rate can be applied across all relevant power sector technologies. Future work may include subsidy as part of this value pool. The summary equations for value pool #4 are thus:
Cost avoided Annual Cost all Low Carbon Technologies Annual Cost Gas Power Annual Cost Coal Power
'LCOI' is the levelised cost of investment. LCOI was used in place of the traditional Levelised Cost of Electricity (LCOE) approach. The LCOE method adds the initial investment as well as the discounted operation expenditures over the lifetime and divides the sum by the discounted power generation over the lifetime. The result is the cost of electricity levelised over the expected operational lifetime. However, the installed capacities and the load factors of plants fluctuate significantly between the scenarios. Therefore, the authors chose to exclude the annualised operational expenditures from the levelised cost approach and instead calculated the levelised cost of investment (LCOI) per technology and scenario year, see [49, 50] .
The results show that the large-scale low-carbon capacity does not generate cost savings in all scenarios across the first two periods under consideration (Fig. 10) .
Six of the eight scenarios display negative values, hence additional cost through the deployment of large-scale low carbon generation in 2030. Only National Grid No Progression and DECC High RE display positive values in 2030 due to low and cost optimal deployment of RE respectively. These results are expected due to the higher cost of many low carbon generation technologies coupled with the fact that the model used the Committee on Climate Change's expected carbon prices which are below their 'target consistent values'. It therefore falls to direct subsidy to support various forms of low carbon energy in the absence of a sufficient market based price signal [17] , or an increase in the carbon price within the price floor mechanism towards target consisted values. In 2040, the scenarios with positive values are 'National Grid No Progression, and 'DECC 2050 Higher RE More EE' and DECC 2050 -Higher CCS, more Bioenergy. This is largely driven by these scenarios deploying lowest cost low-carbon generation first. In 2050 the plant operators can achieve savings through the deployed large-scale low-carbon capacity across all scenarios. The potential cost savings are in the order of 0.45 to −2.9 bnGBP in 2030, 3.6 to −3 bnGBP in 2040 and 0.61-8.1 bnGBP in 2050. The authors' approach demonstrates that cost reductions, subsidy support and carbon pricing continue to be necessary for the deployment of large scale low carbon generation technologies across all scenarios until 2050 where a sufficient carbon price renders the value pool positive, i.e. free of direct subsidy in all scenarios. This underlines how important effective carbon pricing is to support large scale low carbon generation.
Value pool #5 flexibility optimisation
Flexibility services can serve a range of different purposes by either providing flexibility to the wholesale market, to a portfolio (supplier and generator), or balancing services to balance demand and supply and to ensure the security and quality of electricity supply across the transmission system [68] . The value pool considers the cost avoided through demand side response (DSR) moving consumption to off-peak periods, as well as the revenue potential for batteries and DSR by the provision of frequency response, reserve capacity provision, triad avoidance, and energy price arbitration as applicable. Values for the remuneration of battery storage and DSR, as displayed in Table 5 were adopted for the calculation. 5 Individual value sources and assumptions are available in the methods narrative and published model [49, 50] . Key sources used were [69] [70] [71] . Battery storage is used as the single storage technology due to data availability and recent market penetration, future work should consider the effect of other storage technologies on this value pool, such as flywheels, and compressed air. The value pool calculates the theoretical available potential in the market for new revenues and avoided costs. The theoretically shiftable load is modelled by dividing the load incurred by domestic (incl. EV) -6.00 and non-domestic customers into shiftable and non-shiftable load, assumption values follow [72, 73] (see Table 6 ).
As only a proportion of the theoretical maximum shiftable load is likely to be realised as achieved load shift, the final achieved load shift was varied between pathways based on the level of consumer engagement pre-supposed by each qualitative pathways narrative; see [49, 50] .
Variations in summer over winter shiftable loads were conducted thus: (Fig. 11) .
Though the market can provide revenue streams for the provision of flexibility of battery storage, the level of annual remuneration as found in the literature and applied to the model is below the required level to create a viable investment at the current cost of the technology. Across the scenario suite the average annual remuneration is between 160 and 175 GBP 2015 /kW, while the IEA show battery costs above these potential remunerations until at least 2025 [61] albeit conceding that learning rates in battery technologies are highly uncertain [15] . This underlines the need for direct subsidy in storage as it is a key system enabler, but does not benefit directly from higher carbon pricing.
Power firms can potentially can generate new revenues from DSR in the balancing market between 160-390 mGBP in 2030, 190-550 mGBP in 2040 and 210-610 mGBP in 2050 (Fig. 12) . While at the same time DSR can avoid wholesale cost in the order of 115-270 mGBP in 2030, 140-375 mGBP in 2040 and 150-410 mGBP in 2050 (Fig. 13) . Compared to other services across the different value pools DSR provides small revenue and cost reduction volumes in all scenarios apart from National Grid's 'Gone Green' scenario, in which flexibility optimisation is comparable in magnitude to Value Pool #3 (local low carbon generation) in other scenarios.
Value pool #6 carbon capture and storage
A possible option for continuous operation of dispatchable and large-scale, low-carbon electricity provision is the retrofitting and new build of fossil fuel power plants with carbon capture equipment. The carbon emissions released during the electricity generation process are captured and stored in geological storage facilities [74] . Though estimates vary, due to parasitic load and increased capital cost the power production in CCS equipped plants is more expensive than in unabated plants [75] . However, utilised sources assume emissions are reduced by around 90% [76] , though note this is contested [77] , therefore the incurred carbon costs are reduced and emissions are lowered towards achieving the 2050 target. However, the installation of capture plants will only reach commercial viability when the carbon costs saved outweigh the cost increases associated with the capture plant (notwithstanding non-energy payments / direct subsidy). The objective of this value pool is to evaluate the cost incurred by CCS equipped coal and gas power plants compared to the costs of equivalent unabated generation. The summary calculation for value pool #6 is therefore: The 'no progression' scenario does not include any CCS power plants, accordingly the value pool is zero. The value pool is increasing over the review period due to increasing power specific carbon prices and improvement of the CCS technology leading to a higher efficiency and reduced CAPEX/OPEX. The span of the value pool increases over time due to the significantly different level of CCS capacity across the scenarios - Fig. 14. 
Cumulative value pools across scenarios
Returning to the specific research question: "what is the magnitude of different value pools in the UK's energy transition under a range of system scenarios?" Across the surveyed scenarios, the potential new revenues in the UK energy system are up to £12.8bn per year in 2050 (Fig. 15) . The cost savings potential is up to £9.7bn per year in 2050 (Fig. 16) . New revenues and cost savings are present to greater or lesser degrees across all scenarios analysed; there is no single base or reference case. The following results demonstrate the relative volatility/ stability and magnitude of each value pool across the eight system futures.
Against the 'No Progression' scenario, each climate compatible scenario presents substantial new revenue pools. For avoided costs only the 'DECC High RE more EE', 'High CCS more Bioenergy', and 'RTP market rules' scenarios present substantially higher cost savings than the National Grid 'No Progression' scenario. The reason for those three scenarios achieving substantially higher savings is due to the composition of electricity generation fleets. While the DECC High RE has a large wind fleet which results in a large VP#4 the DECC High CCS has a very large CCS +Wind fleets which results in similarly large savings.
Sensitivity analysis
In addition to future system characteristics, the estimated size of the value pools is affected by cost inputs. To evaluate sensitivity to cost inputs, carbon pricing, fuel pricing, capital costs and discount rates were individually varied by −50% to +50% sensitivity. The results show that new revenue pools are less sensitive to cost input than the avoided cost pools. Thus, the availability and accessibility of these value pools is sensitive to the carbon price, and cost of capital as well as the investment and operational cost for the generation technologies. Following Newberry [17] , the authors specifically focussed on the fuel and carbon price relations. Fig. 17 highlights that, by 2050, small variations in the carbon price can define if low carbon technology fleet can become cost competitive. In the National Grid Gone Green Scenario a carbon price of just −30% below the assumed value of 65.75 GBP 2015 /t CO2 in 2050 can turn avoided costs into extra costs. The effect on VP4, large scale low carbon generation, showed that by 2050 carbon price sensitivity has more effect than fuel prices (Fig. 18) , though fuel price sensitivities have more impact in earlier years, when the carbon price is lower.
For Value Pool #6, six out of the seven climate compatible scenarios render CCS a positive value pool (i.e. commercially attractive) by 2050. A 20% reduction in the carbon price would mean only three of the seven climate compatible scenarios render CCS as a cost saving value pool by 2050 (Fig. 19) .
Discussion
These results show substantial variability across the six value pools identified in the UK electricity sector to 2050. There are five main points to draw out in discussion. The first is the importance of the carbon price. Without direct subsidy the main driver for firms to construct large scale low carbon generation (VP#4) are the cost differentials between these and conventional technologies. Carbon pricing and fuel price increase are the two factors likely to convert large scale low carbon generation from an extra cost to an avoided cost and hence an attractive firm investment. Across the scenarios analysed the carbon price only reaches a sufficiently high value to render these value pools positive in 2050. These points support previous analysis [17] in suggesting that linked long term subsidy contracts of low carbon generation alongside carbon pricing will continue to be necessary to deliver required levels of large scale low carbon generation. Fossil fuel price volatility (particularly gas price) also affects this value pool, however, unlike carbon prices and subsidy levels, fossil fuel prices are not under the control of national governments. The authors add to this analysis by quantifying value pools across multiple scenarios to show how volatile the CCS and large low carbon generation markets are. They are both sensitive to the above variables and the scenario itself. This means that for utility firms seeking attractive markets, the CCS market in particular would present substantial risk and is likely to be selected as a firm strategy by very few actors. This may have the effect of reducing the competition to enter the industry due to high risks of asset stranding. The second point is that the energy service provision value pool is robust across all scenarios, and the dominant driver of new revenue is the electric vehicle charging element. Across all climate compatible scenarios there is a substantial commercial opportunity available in electric vehicle service provision. Indeed electric vehicle services are the single biggest element of new revenues available across all assessed future energy scenarios including 'no-progression'. In contrast to the more volatile value pools (i.e. VP'#6 CCS), energy firms may see the energy services for EVs as a more attractive option, particularly because it is an 'asset light' strategy dependent on branding and tariff innovation as opposed to incurring large CAPEX sunk costs [78] .
The third point is that five of the six value pools analysed become either large value pools or are destroyed entirely depending on the energy system scenario. VP#3, local low carbon electricity, is robust across all scenarios tested (including no progression), apart from DECC High Nuclear less energy efficiency, where it is destroyed. This suggests firm strategy formed to pursue this value pool would be a low risk in terms of complete asset stranding. In contrast, VP# 5 flexibility optimisation, and VP #6 CCS, are scenario sensitive and hence uncertain.
The fourth point is that the value pool method is compatible with the study objective, to understand how potential profit structures and market sizes over multiple future energy scenarios can be analysed. The identification and application of the value pool method across multiple system pathways enables assessment of 'industrial attractiveness' across uncertain futures. This is important for energy transitions in liberalised nations because the 'attractiveness' of industries such as energy service provision and flexibility will determine the risk perception of those sectors, the future levels of competition within them, and therefore the willingness of firms to allocate strategic resources to exploiting them. For example, the data above suggests that electric vehicle service provision is a robust value pool at low risk across multiple futures. The opposite is true for flexibility optimisation. All things being equal, the market pull for smart electric vehicle service would be much stronger than that for Demand Side Response or CCS, owing to the likely level of competition which will be created to acquire these new revenues. This demonstrates how the value pool method can bridge the gap between scenario modelling and investment decision-making under uncertainty, by using scenario outputs to determine potential market sizes across uncertain futures.
Returning to the resource based view of the firm and evolutionary firm theory, this would likely result in high competition and low profit margins in electric vehicle service provision, due to the relatively low costs of developing compatible financial, physical, human, organisational, informational and relational resources. These costs are low because servicing the electric vehicle value pool requires only tariff innovation, some smart metering, and tariff branding [78] . The combination of low barriers to entry (for incumbents) and a robust, sizeable value pool, suggests adapting utility business models to capture this revenue would be an attractive option. This may lead to strong 'market pull' and suggests innovation policy in this space need focus less on financial incentive, and more on securing an enabling regulatory environment. In contrast, one might expect low competition (or high firm failure rates) and higher relative profits for grid connected battery firms and CCS utilities. This is because it is a high risk strategy to acquire the financial, human, and other resources needed capture a new value pool that is so sensitive to both carbon pricing and future scenarios. This suggests low market pull, and may warrant innovation support including capital grants/subsidy. The flexibility optimisation value pool has low barriers to entry, however, the volatility of the sector may result in lower competition and higher profit margins for successful companies. Alternatively, flexibility companies may fail at increasing rates and render innovation support a critical component of energy policy.
The fifth and final point is that these data and the evolutionary, resource based view of the firm offer new and productive avenues of research that can link the energy systems modelling community to a more grounded and empirically realistic firm theory. This adds a new dimension to research on energy systems that can forge common ground between neo-classical models and more heterodox approaches [79] . Recent contributions [13, 14] demonstrate that there are opportunities to deviate from perfect rationality within systems modelling and specifically demonstrate the ability of system models to vary capital costs/hurdle rates based on qualitative criteria [30] . An evolutionary resource advantage theory approach with a value pool method may be able to offer more realistic assumptions of firm dynamics, based on a more quantitative appreciation of future industry attractiveness and systemic market risks.
Conclusion
This research has demonstrated that the value pool approach, when combined with multiple future energy scenarios, is a valuable and insightful methodology to conduct a commercially focussed assessment of energy transitions. Cost optimisation or near optimisation models reporting in total investment costs are useful for energy and climate change policy making. Using the output of such models to investigate the creation and destruction of new values in energy transitions provides additional insight that could inform firm strategies, investor decision-making tools, and innovation policy. As contemporary energy systems in many developed nations comprise private firms seeking profits in competitive markets, this approach provides new insights applicable in a wide range of international and trans-national contexts, i.e. nations with liberalised or liberalising energy markets.
This analysis took the output of quantitative systems models to investigate how different value opportunities are created, re-scaled and destroyed by different energy futures. To address the 'rational actor' and 'perfect foresight' issues of current models, this value pool approach could be linked to provide inputs into firm behaviour, specifically by determining the levels of competition likely for each new opportunity created by energy transitions. A further extension of this work would be to investigate the business model innovations necessary to render future value propositions into revenue streams and ultimately firm profits.
